Spindlelike, rodlike, starlike, and spherical antimony sulfide (Sb 2 S 3 ) microcrystallites have successfully been synthesized via a sonochemical method at room temperature. The x-ray diffraction pattern analysis based on the Rietveld method demonstrates that ultrasound can convert the structure of Sb 2 S 3 from amorphous phase to crystalline phase. The crystallinity and morphology of Sb 2 S 3 particles can be modified by using different solvents or solutions. It is found that the spindlelike and starlike particles result from the aggregation of nanoparticles while the rodlike particles arise from epitaxial growth. Due to the quantum confinement effect of charge carriers in small microcrystalline volumes, the characteristic peaks in the optical absorption spectrum of the synthesized 0.001 M Sb 2 S 3 (<100 nm) colloidal solutions are blue-shifted by about 500 nm as compared to the bulk band gaps of Sb 2 S 3 .
I. INTRODUCTION
Antimony sulfide (Sb 2 S 3 ) has extensively been studied due to its interesting high photosensitivity and high thermoelectric power 1 and to its device applications in photoconducting targets of television cameras, thermoelectric devices, electronic and optoelectronic devices, and infrared spectroscopy.
2,3 Sb 2 S 3 can be synthesized by direct element reaction in quartz ampules evacuated when temperature exceeds the melting point of the compound. However, the high vapor pressures of the chalcogens present in the compound make it difficult to obtain stoichiometric compositions. 3, 4 Thermal decomposition of Sb-thiourea complex and metal ethylxanthate can also lead to the formation of Sb 2 S 3 . 5 An alternate way to prepare colloidal Sb 2 S 3 particles by mixing aqueous solutions of antimony salt with sulfur salt has been reported. 6 In this case, a stabilizer and an appropriate control of pH value were needed to prevent the hydrolysis of SbCl 3 , and the colloidal particles were unstable. Kaito et al. 7 reported a two-heater method to prepare the Sb 2 S 3 particles. The product, however, is mainly amorphous and contains some crystallites only at the center of the particles. A benzene-thermal route to prepare Sb 2 S 3 particles with 150-nm diameters at 150°C and in a Teflon-lined autoclave was recently reported. 5 In all the above methods, heating is necessary for the crystallization of Sb 2 S 3 ; otherwise, the product will either be amorphous or unstable.
A transient temperature of about 5000 K, pressure of 1800 atm, and cooling rate in excess of 10 10 K/s can be created in the hotspots using ultrasound. 8 The experi mental condition has been exploited to decompose metalcarbonyl bonds and to generate metals, [8] [9] [10] [11] metal carbides, 12 and metal oxides and sulfides. [13] [14] [15] In this paper, we report the results of using such an extreme condition, which is beneficial to the crystallinity of Sb 2 S 3 , resulting from ultrasound to prepare Sb 2 S 3 microcrystallites at room temperature. Spindlelike, starlike, rodlike, and spherical Sb 2 S 3 microcrystallites were successfully synthesized by using different solvents or solutions. ions, and the product A was obtained.
II. EXPERIMENTAL
The product A was further treated with distilled water under ultrasound vibration for 5 h. Sonication was performed in an ultrasonic cleaner (Kunshan Ultrasonic Equipment Ltd., model KQ-50B, China) operating at a frequency of 40 kHz and a nominal power of 50 W. The reaction flask was located in the maximum energy area of the cleaner. The temperature of the water bath was kept at room temperature by keeping a constant replacement of water. The solution color changed in the order orangebrown, brown, then purple-black. The purple-black precipitate was collected, and the product B was obtained. The product B was further treated with absolute ethanol (ജ99.7%) under ultrasound vibration for 5 h. In this case, the solution color changed from purple-black to gray. The gray precipitate was collected, and the product C was obtained.
Next, S 2− solution was quickly added to SbCl 4 − solution under ultrasound vibration. The solution color changed from colorless to orange-brown, brown, then purple-black. The purple-black precipitate was collected after 5 h of ultrasound vibration and was washed three times with distilled water to remove the impurities, and the product D was obtained. All the products were dried in air at 30°C. The products were characterized by powder x-ray diffraction (XRD) patterns using an x-ray diffractometer (Rigaku D/max-RA, Japan) with Cu K ␣ radiation ( ‫ס‬ 1.5418 Å). Differential scanning calorimetry (DSC) analyses in the temperature range 26°to 400°C were performed with a differential scanning calorimeter (NETZSCH STA 449C, Germany) under Ar on 9.80 mg of product A at a programmed cooling rate of 5.0°C min −1 . Transmission electron microscopy (TEM) was performed (Model H-800, Hitachi, Japan) using an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was carried out on an x-ray photoelectron spectrometer (ESCALB MK-II, United Kingdom) using nonmonochromatized Mg K ␣ x-ray as the excitation source and choosing C1s (284.60 eV) as the reference line. Absorption spectra of the colloidal sample were recorded on a spectrophotometer (Model U-3410, Hitachi, Tokyo, Japan) at room temperature.
III. RESULTS AND DISCUSSION
The XRD patterns of the products A, B, C, and D are shown in Fig. 1 . The broad XRD peaks seen in Fig. 1(a) indicate that the product A is amorphous-like. After storage at room temperature for half a year, the color and the XRD patterns of product A remained unchanged, which indicates that product A is stable at room temperature. As shown in the inset of Fig. 1(a) , two obvious heat absorption dips are observed in the DSC versus temperature curve of product A. The first dip around 66°C arises from the heat absorption caused by the volatilization of water.
The second dip around 294°C should be the consequence of amorphous-to-crystalline transformation. The absorption energy of the phase transformation was evaluated to be 3.9096 mJ/mg by calculating the dip area. It is noted that the high-temperature side of the heat-absorption dip does not recover to the high value at the low temperature, which may be caused by the impurities in product A. This value of the absorption energy should be smaller than the value of energy absorbed by the amorphous-to-crystalline transformation of a pure amorphous Sb 2 S 3 . The XRD patterns of product B displayed in Fig. 1(b) indicate that the product is well crystallized and can be indexed as a pure orthorhombic phase. From these results, we estimate that the amorphous product A can absorb at least energy of 3.9096 mJ/mg before transforming into crystalline phase during the ultrasonic treatment at room temperature. Product C can also be indexed as a pure orthorhombic phase [ Fig.1(c) ], but with some differences in the intensity of diffraction peaks from that of product B, which implies that the crystallinity of Sb 2 S 3 can be influenced by the absolute ethanol solvent under ultrasound vibration. Compared to products B and C, product D shows a particularly strong intensity of (103) diffraction peak, which suggests that an epitaxial growth of Sb 2 S 3 microcrystallites may happen during the synthesis process.
To further explore the crystalline structure of the products, the XRD data of the products B, C, and D were refined by the Rietveld method. The results are summarized in Table I for products B, C, and D. Compared to the crystallographic data on a single-crystal stibnite reported by Kyono et al., 16 products B, C, and D have smaller cell parameters. In agreement with the variation of XRD patterns, the cell parameters and sulfur coordinates are different among products B, C, and D (Table I) . For products B and C, the PREF1 (prefer orientation parameter) is equal to 1, which shows that epitaxial growth does not appear during the synthesis process, and the changes in the peak relative intensities are mainly due to the variation of sulfur coordinates in the unit cell. However, the PREF1 for the refinements of product D is 0.84, which indicates that (103) epitaxial growth of the Sb 2 S 3 microcrystallites occurs during the synthesis process of product D and gives pronounced contribution to the strong (103) diffraction peak. The above results indicate that our sonochemical method not only can enable a direct approach to synthesize the crystalline Sb 2 S 3 without heating, but also allows modification of the microstructure of the Sb 2 S 3 crystallites by using different solution or solvent.
The formation of Sb 2 S 3 can further be confirmed by the XPS spectra, which are shown in Fig. 2 for products B, C, and D. The two strong peaks at 529.05 eV and 538.25 eV correspond to Sb (3d) binding energy; the peak at around 161.45 eV is attributed to S (2p). The ratios of Sb to S calculated from the normalized peak areas of the Sb and S cores for products B, C, and D are 39:56, 39:55, and 40:58, respectively. Compared with products B and C, the ratio of Sb to S of product D is closer to that of Sb 2 S 3 . This can be ascribed to the fact that there may exist some impurity in product A and Product A is the precursor of products B and C.
The TEM images of products B, C, and D are shown in Fig. 3 . It is seen that the product B has spheric morphology while the product C is spindle-like. The inset of Fig. 3(b) shows the aggregation of some sphere particles at the edge of the spindlelike particle. Using the Scherrer equation from half peak width of XRD patterns, the calculated average particle size of product C is very close to that of product B (∼15 nm). We believe that the spindlelike particle of product C is not a single microcrystallite, but an aggregate of small sphere particles.
It is well known that an electrochemical double-layer originating from the solvation caused by electrolytic solvent can prevent colloids from aggregating. On the other hand, the addition of nonelectrolyte will destroy solvation and lead to the aggregation of colloids. Thus, the fact that absolute ethanol is a weaker electrolytic solvent in comparison with distilled water may be responsible for the aggregation during treatment of product B with absolute ethanol under ultrasound. To confirm the above deduction, product B was treated with 1-butanol (a electrolytic solvent weaker than absolute ethanol) under ultrasound for 5 h, and product E was obtained; its TEM image is shown in Fig. 3(d) . As is seen, most of the particles are starlike. A larger magnification in the inset of Fig. 3(d) confirms that the starlike particle is an aggregation of small sphere particles. Thus, treatment of product B with weaker electrolytic solvent in comparison to distilled water can lead to aggregation, and the morphology of the aggregate even changes by choosing different electrolytic solvents.
Although in the same morphology as product B [ Fig. 3(a) and 3(c) ], the size of product D (from 70 to 100 nm) is much larger than that of product B (from 5 to 30 nm). This may arise mainly from an epitaxial growth mechanism during the growth process of product D. In general, an epitaxial growth in solution can lead to the formation of morphologies such as rodlike, beltlike, and linelike. To observe such particular morphology, product F was synthesized in a similar condition as product D except that the time of ultrasound vibration after the addition of S 2− solution into SbCl 4 − solution was prolonged to 15 h. The result is shown in Fig. 3(e) , which confirms the expected rodlike particular morphology of product F. The optical absorption spectra of the 0.001 M colloidal solution of products B and D are shown in Fig. 4 . Compared to Sb 2 S 3 bulk materials, 7 a large blue-shift of approximately 500 nm is observed in the absorption edge relative to the band gaps for bulk materials in both product B and D solutions. A plausible explanation of such large blue shifts is the quantum confinement effect of charge carriers in nanocrystallite. The larger blue shift of product B solution compared with product D solution indicates the size of product B is smaller than that of product D as is confirmed from the TEM images.
IV. CONCLUSIONS
In summary, we have successfully synthesized Sb 2 S 3 microcrystallites by a sonochemical method at room temperature. It is found that ultrasound can convert the structure of Sb 2 S 3 from amorphous phase to crystalline phase. Morphologies of spindlelike, rodlike, starlike, and spherical particles are obtained by using different solvents or solutions. In the 0.001 M colloidal solutions of products B and D, large blue-shifts (∼500 nm) from the bulk band gaps of Sb 2 S 3 of the optical absorption spectra were observed.
